Lean blowout is one of the major challenges faced when the gas turbine combustors are operated with lean fuel-air mixture to meet the emission norm. We experimentally study the flame behavior and the dynamics of heat release rate fluctuations during a transition to lean blowout. The study comprising flame visualization and estimating several measures to predict lean blowout for both premixed and partially premixed flames (using fuel ports F1 to F5) in a swirl stabilized dump combustor. To that end, we acquire unsteady heat release rate in terms of CH* chemiluminescence obtained through a photomultiplier tube with a narrow band-pass filter. For evaluating different statistical measures, we use National Instrument Labview software while acquiring the heat release rate oscillations. For premixed and partially premixed flames, such measures and the flame behavior show a different and, in some cases, even opposite trends as lean blowout is approached. However, in both premixed and partially premixed flames, the mean and root mean square values of the heat release rate fluctuation decrease as we decrease the equivalence ratio. Further, we show that the value of mean frequency calculated using Hilbert transform of the heat release rate fluctuations is a good indicator of lean blowout. Apart from the early prediction of lean blowout, different statistics of heat release rate oscillations, such as kurtosis and skewness, are shown to identify only the occurrence of lean blowout for premixed (F1 and F2) and flames with lower level of premixing (F3). They are not useful for the flames with high levels of unmixedness like F4 and F5. On the other side, probability density function is seen useful for both premixed and partially premixed flames. In short, we present the relative importance of different measures stated earlier for the identification and early prediction of lean blowout for both premixed and partially premixed flames.
namely, combustion instability and lean blowout (LBO). In the present study, we focus on the transition to blowout in a laboratory-scale combustor. Blowout, which is classically described as a loss of static stability, occurs when the flame inside a combustor gets blown off or extinguished. 3 At low equivalence ratios, there is always a possibility of local flame extinction due to high instantaneous strain rate 4 which leads to blowout. Blowout is a serious problem in both land-based gas turbines and aero-engines. As a conservative estimate, an operator needs to maintain a safe operational range in order to avoid the occurrence of blowout. However, a recent development of partially premixed combustors is promising for the land-based gas turbines so as to extend the blowout limit towards more lean mixture. 5, 6 In case of aero-engines, the fuel is injected close to the actual combustion zone, which makes the flame partially premixed. One of the damaging consequences of blowout in power producing gas turbines is the expensive shutdown of a combustor while LBO in aeroengines may cause fatal accidents. Further, such an event increases the maintenance cost and reduces the engine life.
Therefore, early detection of LBO is extremely necessary to get rid of such catastrophic consequences. This requires an adoption of appropriate measures and analysis. There are several studies where different measures have been so far implemented and tested for the prediction of LBO. [7] [8] [9] [10] [11] Earlier, LBO detection mainly relied upon monitoring the pressure fluctuations in the combustion chamber. 12, 13 Apart from that, the pulsation and the local extinction of flame towards LBO were identified using OH planar laser-induced fluorescence (PLIF). 14 Li et al. 15 used the intensity of low-frequency (0-50 Hz) temperature fluctuations to identify the proximity to LBO. They found that the fraction of the temperature fluctuations in fast Fourier transform (FFT) power spectrum at low frequency, 0 to 50 Hz, increases exponentially as the equivalence ratio approached the LBO limit. In that work, they also used that parameter as an active control variable to prevent the blowout. Lefebvre 16 investigated the blowout using correlation-based detection technique which is however not suitable in real-time prediction of LBO. Chaudhuri et al. 17, 18 reported a reduction in flame speed when the combustor approaches to LBO. They showed that blowout eventually occurs when high local stretch rates of the flame exceed the extinction stretch rates. Although many investigations have been carried out to identify the transition to LBO in last two decades, such a transition to LBO is not still well understood because of the complexity associated with the flame propagation, stabilization, and re-ignition.
Recently, different optical measurements and visualization techniques are observed to play a crucial role in characterizing the dynamics prior to LBO. This is due to the fact that such non-intrusive diagnostic techniques are advantageous to avoid the harsh environment inside the combustion chamber. This further encourages the researchers to use optical 19, 20 and acoustic sensors 9, 21, 22 in the analysis and prediction of LBO. One among different optical measurements is based on the chemiluminescence of the electronically excited radicals. Capturing the light emitted from the excited radicals such as OH* or CH* has been very useful to acquire the dynamical information in the combustion systems. [23] [24] [25] [26] As the intensity of chemiluminescence is proportional to the chemical production rate of a particular, generally intermediate, species, the intensity value thus obtained can be related to the chemical reaction rate or the heat release rate. 27, 28 Muruganandam et al. 29 analyzed OH* chemiluminescence to identify LBO precursors in the flame of a swirl stabilized, methane fueled premixed combustor. However, in their study, flame behavior near LBO was reported for purely premixed flames. Our current study aims at analyzing and characterizing the flame dynamics near LBO at different degrees of mixedness of the reactants, considering the application of partially premixed flames in gas turbine combustors. To that end, a wide range of mixedness has been considered by using an inlet section of varied length of air-fuel mixing designed to serve this purpose.
In the recent literature on combustion dynamics, several advanced methods for data processing have been implemented. Such methods include cross wavelet transform determining the correlation between bivariate time series in a time-frequency space, 30 D-Markov machine principle and anomaly measure based on Kullback-Leibler divergence. 31 Further, moving kurtosis and threshold-based techniques have been implemented on a mathematical model of pulse combustor to detect the extinction phenomena of the flame at early stage. 32 In the present study, we use different statistical tools to analyze the dynamic characteristics of the flame which transitions from a stable state (near stoichiometric condition) to LBO or final extinction at various degrees of mixedness of the reactants. Similar approach has been used in the past literature to detect the occurrence of LBO. However, the degree of air-fuel mixing was kept constant throughout the study. 33, 34 Furthermore, the previous study using the statistical measures did not provide any clear information about their applicability in LBO detection. 35 In short, we lack of having any robust measure which can be used for the prediction of LBO in both premixed and partially premixed flames. Therefore, an elaborate study focusing on the relative importance of different measures is highly essential. In the present study, we try to correlate the flame behavior with the dynamics of unsteady heat release rate for different levels of mixedness. We further check the applicability of different statistical tools and average frequency on blowout detection. We find that the online prediction of the flame behavior using statistical tools implemented in data acquisition software (Labview) is less expensive and can be industrially applicable.
The rest of the paper is organized as follows. A description of the experimental setup and procedure is provided in section 2. In section 3, we then provide a brief description of the statistical tools used in the present study. The results are discussed in section 4. Finally, the major findings are summarized in section 5.
Experimental setup and procedure

Experimental setup
We conduct a series of experiments in a swirl stabilized dump combustor, which consists of a premixing tube, a combustor, and an exhaust chamber ( Figure 1 ). The combustor is made of a high-temperature resistant quartz tube to have the optical access. The quartz tube is 200 mm long, 65 mm outer diameter (OD), and 2.5 mm of thickness. The premixing chamber consists of two coaxial pipes made of stainless steel: the outer one is 403 mm long, 33 mm OD, and 25 mm inner diameter (ID) and the inner pilot pipe is 420 mm long and 8 mm ID. The inner tube acts like a bluff body and holds the flame. On the premixing tube, there are five axial locations of fuel entry, which are denoted as F1, F2, F3, F4, and F5 from upstream to downstream. At each axial location, there are four holes placed circumferentially, 90 apart from each other. This particular configuration is designed to minimize the circumferential asymmetry in fuel inlet. The location of F5 is 127 mm upstream of the dump plane, whereas F1 is located 50 mm downstream of the air inlet. Air is introduced to the premixing chamber in the similar fashion through four holes placed circumferentially. The holes for air inlet are located 20 mm away from the upstream end of the premixing tube (as shown in Figure 1) . A change in premixing length by changing the location of fuel inlet results in a variation in the mixedness of air and fuel. 36 The mixing lengths corresponding to different fuel inlets are given in Table 1 along with the corresponding equivalence ratios where blowout (È LBO ) occurs. We have noted the equivalence ratios at LBO from several experiments for any particular condition. The mean and the standard deviation of the noted values are shown in Table 1 . The standard deviation indicates the uncertainty involved in finding equivalence ratio for LBO in the present system.
The space constraint for many practical combustors restricts the length available for premixing. In such a situation, a swirler is used to enhance the tangential component of the flow, thereby to ensure the flame stability. In the present setup, a swirler, which is 15 mm long and having seven blades (60 to the axial direction) of 1 mm thickness, is placed in the annular space between the pilot and the premixing tube. The blade height is such that the swirler fits snugly in the annular space, 15 mm upstream of the dump plane. Swirling flows are generally characterized by the swirl number. The swirl number is calculated from the relation 37 as follows
where d h (10 mm) and d (29 mm) are the OD of the center body (here is the pilot tube which also acts as a bluff body) and the OD of the swirler, respectively. , which is the angle of swirler vane to the axial direction, is 60 in the present setup. Therefore, the swirl number (equation (1)) for the present setup becomes 1.26. The Reynolds number (Re) of the flow used in the present study is estimated to 6634 which corresponds to the average mixture velocity, 7.55 m/s and the effective diameter of the premixer section, 0.015 m.
Experimental procedure
Air is supplied at ambient temperature from a compressor (capacity: 220 L; maximum pressure: 12 kg/cm 2 , make: ELGI Equipments Ltd, India) and is metered by a mass flow controller (Alicat, MCR-Series, range: 0-1500 L/min, accuracy: AE(0.8% reading AE0.2% of full scale)). Liquefied petroleum gas (LPG: 60% butane and 40% propane) that is used as fuel in this study is metered by another mass flow controller (calibrated for LPG, make: Alborg, and range: 0-10 L/min).
The time series of heat release rate fluctuations is obtained by using a photomultiplier tube (PMT, model 931 A, Hamamatsu Corporation) outfitted with a band-pass filter, centered at 430 nm and with full width at half maximum (FWHM) of 10 nm. The filter is used to capture the emission from only excited CH* radicals (430 nm). The output current generated by the PMT is then passed through a built-in amplifier, which, operated by a 15 V DC power supply, converts the current into voltage. The voltage signal thus generated is acquired through National Instruments data acquisition along with Labview-15.0.1 software with a sampling frequency of 2 kHz for 20 s. The PMT is placed in such a way that it views almost the entire quartz tube (schematically shown in Figure 1 ). Therefore, chemiluminescence from the flame, irrespective of whether it is anchored or lifted, is captured. Further, color images of the flame are captured with a complementary metaloxide semiconductor (CMOS) camera using optimum exposure time 0.03 s so that we have an optimum shutter speed to balance between the time resolution and the overall intensity for better visualization. Another high-speed camera (Basler Ace series; 340 fps with a spatial resolution of 2048 Â 1088 pixels) is used in this work to acquire the flame images near blowout and compare the same with heat release rate fluctuations.
The experiments are conducted in quasi-static manner, and the fuel flow rate (thereby the equivalence ratio as the air flow rate is kept constant) is changed in steps. While varying the equivalence ratio, keeping the air flow rate constant ensures that the total flow rate is not significantly altered. This ensures hydrodynamic influence on the flame dynamics does not change much. The step size in equivalence ratio is kept in the range from 0.035 to 0.038 when the system is away from LBO and near LBO, the step size is in the range from 0.02 to 0.025. For all the experiments, the reactants are injected to the combustion chamber at atmospheric pressure and room temperature ($298 K). At each equivalence ratio, we allow 20 s for eliminating the effects of initial transience at that condition and another 20 s for recording the data.
Degree of premixedness
To quantify the premixedness for different mixing lengths (using different fuel ports positioned at varying distance), a three-dimensional (3D) geometry with mesh (mesh size ¼ 2.5 Â 10 À3 m) similar to the experimental setup is generated in Ansys 14.5 ( Figure 2) .
For numerical simulation, a 3D, pressure-based, steady state, species transport model and a realizable k-" viscous turbulent model are considered. We choose a cross-section in the premixing chamber (indicated by ''c'' in Figure 1 ) in the x-z direction. The section is chosen at 10 mm upstream of the dump plane so that the swirling effect can be taken into account and the sudden expansion in combustor zone can be avoided.
In this simulation, we consider the global eqivalence ratios of LPG-air mixture, È ¼ 0.647 (representative of near LBO situation) and 1.0 (away from LBO). We take the mixture fraction (f) in this analysis. Mixture fraction is defined as follows
Here, _ m 1 and _ m 2 are mass fluxes of fuel and oxidizer, respectively. Mixture fraction represents the mass fraction of fuel stream in the mixture.
Next, the mean ( " ) and the standard deviation ( ) of mixture fraction are calculated considering 856 nodes on the plane ''c.'' The values of " for È ¼ 0.647 are 0.040, 0.0398, 0.0395, 0.0388, and 0.373 corresponding to fuel admission through ports F1 to F5, respectively. We see that, as the mixing length (Table 2) is reduced, the ratio of standard deviation to the mean of the mixture fraction, ¼ = " À Á increases. Therefore, provides a direct quantative measure of the homogeneity or the mixedness of the air-fuel mixture (Table 2) . From these values of , we observe that the levels of premixing for ports F1 and F2 are almost same. In case of F4, premixing level significantly decreases, whereas the mixture using F5 is the most nonpremixed in nature as the standard deviation of the mixture fraction is quite high. We also consider the LPG-air mixture at stoichiometric condition (corresponding to È ¼ 1.0 in Table 2 ). shows similar trend for the global equivalence ratio, È ¼ 1.0. Therefore, from the cold flow simulation, we can conclude that any of the two ports, F1 or F2, can be used for the characterization of the most premixed flame as the difference in mixture fraction in the considered cross-section is small. From the fuel port F3, mixture fraction starts to deviate significantly. Therefore, the flame, using fuel ports F3 to F5, can be attributed as partially premixed. Our conclusions about the quantification of the premixedness matches with the results shown by Chatterjee et al. 38 
Statistical tools used for the analysis
Statistical tools are useful in making more effective analysis and presentation of data. Different kinds of statistics have already been implemented by different researchers. 39, 40 In the present study, we use a few statistical measures to detect the occurrence of LBO for both premixed and partially premixed flames and identify the suitability of the measures in blowout detection.
In this section, we provide the definitions of statistical measures used for the present analysis. The first ( _ q), second ( 2 ), third ( 3 ), and fourth ( 4 ) moments of heat release rate are determined as follows
Third moment :
Fourth moment :
where _ q i is the value of the heat release rate (in voltage) at ith time step obtained from PMT for a particular operating condition and N is the total number of time steps acquired. The variation in effective intensity of the flame can be identified by root mean square (RMS) value and normalized RMS (NRMS) value of heat release rate 33 as follows
Figure 2. Three-dimensional meshed geometry of the combustor setup used in experiment. The geometry is created and the mesh is generated in Ansys 14.5. Table 2 . The ratio of standard deviation to the mean of the mixture fraction, ¼ ð = " Þ with using ports F1 to F5 as fuel inlet for two global equivalence ratios.
Fuel port 
Furthermore, skewness () that is used to describe an asymmetry of the probability distribution of a data set with respect to the normal distribution is defined as follows
Kurtosis ð Þ, which is a measure of the ''tailedness'' of the probability distribution of a given data set, is defined as follows
Excess of kurtosis (EOK) is also sometimes used to estimate the ''tailedness'' in the data set relative to that of normal distribution. As the kurtosis value of normal distribution is 3, the excess of kurtosis is estimated as follows
Excess of kurtosis : EOK ¼ À 3 ð3jÞ
In addition to the statistical measures stated earlier, we also evaluate the mean frequency of heat release rate oscillations by using Hilbert transform (HT) of the given signal. HT is a very useful tool in the signal analysis. 41 It is used to calculate instantaneous amplitude and phase by writing the signal in the form of analytic signal. For example, an analytic signal XðtÞ can be defined as follows
where, " x t ð Þ is the HT of the original signal, x t ð Þ and computed as follows
where C:V: is the Cauchy principal value of the integral, AðtÞ is the instantaneous amplitude, and ðtÞ is the instantaneous phase of the signal. From the information of instantaneous phase, we calculate mean fre-
. Mean frequency of the signal is useful for the event where a periodic component is gradually emerging. Note that the instantaneous phase thus calculated is not properly defined for a broadband signal. However, earlier study has shown that phase difference between two signals calculated through HT closely matches with that calculated through cross-correlation even for a set of broadband signals. 42 In other words, we can expect a gradual shift between the dynamics of phase difference evaluated through HT and cross-correlation, as one moves gradually from narrow band to broadband signal. The signals used in the present study are mostly broadband in nature. However, ignoring the slight inaccuracy involved in calculating instantaneous phase, we rely on HT-based mean frequency, and the mean frequency thus obtained is found to be an indicator of impending blowout.
Results and discussions
Stabilization of a flame is an issue especially when a combustor is operated with lean air-fuel mixture. When the equivalence ratio becomes leaner, the flame speed (s u ) starts decreasing. Therefore, for given flow velocity (u u ), when the flame speed that is further reduced due to heat loss to the burner becomes slightly lower than the flow velocity, the flame detaches from the burner and gets lifted. Thereby, again a balance between the flame and the flow speed is maintained (s u ¼ u u ) as the heat loss to the burner is reduced, and in turn, the flame speed is increased. As there is an upper limit of the flame speed for a particular mixture composition, any further decrease in equivalence ratio breaks the dynamic balance between s u and u u and the blowout occurs. 43 For the present study, we have conducted experiments starting from near stoichiometric condition to the lean conditions until the flame gets blown off. Essentially, we focus on only one half of the flammability limit. We gradually reduce the equivalence ratio by changing the fuel flow rate while maintaining the air flow rate constant. We have already described that different fuel ports at different axial locations of the premixing tube results in different levels of mixedness of fuel-air mixture (ports F1 and F5 correspond to the most and least mixedness). The flammability or blowout limit changes with the mixedness of the reactants (see the È LBO in Table 1 ). This is consistent with the observations of earlier researchers. 36, 44 Here, we normalize the equivalence ratio with that corresponding to the occurrence of blowout È=È LBO ð Þ . We first present the flame behavior analyzing the flame images acquired followed by the quantitative analysis to develop a robust precursor for LBO.
Dynamics and behavior of the flame
Flame visualization is considered as one of the important approaches to explore the dynamical behavior of the flame. 45 We show the typical flame images (captured by the digital CMOS camera) at different operating conditions È=È LBO ð Þ of a premixed flame (using port F1) in Figure 3 . At the equivalence ratios which are far from that corresponding to blowout, we observe a stable flame as the flame is anchored at the dump plane inside the combustor (see Figure. 3(a) and (b) ). At equivalence ratio close to 1, the flame speed (s u ) which is modified by the heat loss to the burner is high enough to dynamically balance the flow speed (u u ) and the flame gets stabilized at dump plane of the combustor. At lower equivalence ratios (È=È LBO (Figure 3 (e) to (g)). This might be due to a spatial variation in local flame speed (s u ) caused by the spatial variation in local equivalence ratio (as, even for the largest mixing length used, the reactants are not perfectly premixed). Such a variation in local flame speed eventually makes the flame stabilized at different standoff distance resulting in an elongated flame. Finally, at È=È LBO ¼ 1.0, blowout occurs where the dynamic balance between s u and u u is lost and the flame blows out of the combustor (Figure 3(h) ). Similar characteristics of the flame towards LBO have been observed for port F2 during experiments.
We also capture the dynamical behavior of the flame just before LBO (at È=È LBO ¼ 1.0) for port F1 by using the high-speed camera (Figure 4) . We observe an oscillatory behavior of the flame when essentially the standoff distance starts oscillating. In other words, the flame moves downstream after getting detached from the dump plane and then, it moves back to the inlet of combustor which re-ignites the unburnt mixture accumulated. Similar type of precursor phenomenon, also termed as extinction and re-ignition, was reported in the earlier literature. 10, 46, 47 This oscillatory behavior with low frequency is observed at È=È LBO ¼ 1.06. Towards LBO, frequency of such oscillation increases. 34 Therefore, for a premixed flame, we can distinguish different states during the transition to LBO: stable flame, lifted flame (referring here as an indication of transition), elongated flame, 8 and oscillatory flame leading to complete flame loss or blowout.
Further, we show the behavior of a partially premixed flame (using port F4 for fuel inlet) at various equivalence ratios in Figure 5 . Unlike the case for ports F1 and F2, the lifted flame is not observed although the flame gets elongated when the equivalence ratio is reduced (in Figure 5 (c) to 5(f)). As for the case of port F4, there is a wide variation in local equivalence ratio, the flamelets are stabilized at different standoff distance depending upon their respective flame speed. In other words, as the mixedness for port F4 is lower compared to that for port F1, the local equivalence ratios at some locations might be close to stoichiometric ratio to hold the flame at the dump plane even when we reduce the global equivalence ratio. We refer to this behavior of the flame getting elongated as a transitional behavior. The flame image, which is shown in Figure 5 (g), is taken just before complete flame loss or blowout. We do not observe any oscillatory phenomena for the case of partially premixed flame (for ports F4 and F5) prior to LBO. This occurs seemingly due to the reason stated earlier.
In short, the flame behavior close to LBO in case of F1 to F2 is observed to be qualitatively same, whereas the flame exhibits a different behavior when the fuel is introduced through F4 or F5. In case of port F3, flame behavior is qualitatively similar to that with the ports F1 and F2 prior to LBO (Figure 6(g) ), but the transitional behavior closely matches with that using ports F4 and F5 (Figure 6(c) ). Therefore, it is apparent that the flame behavior is very sensitive to the mixedness of air and fuel prior to blowout. Note that we capture the images at È LBO for F1, F3, and F4 before the flame eventually extinguishes. Having discussed the qualitative behavior of the flame, let us turn our attention to the quantitative analysis of heat release rate oscillations captured through the PMT.
Time series and amplitude spectrum of heat release rate oscillation
We present the time series signals and corresponding amplitude spectrum (through FFT) of the heat release rate fluctuations. The time series are plotted after subtracting the mean value of the heat release rate (using equation 3(b)). Three representative cases of premixed and partially premixed flame are explained in the following sections. (f) ). In the interval of two consecutive spikes, the heat release rate approaches close to zero value indicating a momentary flame loss (this does not correspond to complete extinction of the flame). These observations agree with the dynamical behavior reported in the earlier literature. 34, 35 Similar trend of the heat release rate fluctuation is found for F2 in Figure 8 . Similar to F1, at higher fuel-air mixture (È=È LBO ¼ 1.487 to È=È LBO ¼ 1.288), high-amplitude aperiodic heat release rate fluctuations are noticed (Figure 8(a) and (b) ). Amplitude of the oscillations drops at the transition point (Figure 8(c) ). Near to LBO, high-amplitude multiple peaks are observed (Figure 8 (e) to (g)), as we have seen for F1.
Premixed flames.
Further, amplitude spectra obtained by FFT of the signals are shown here in Figure 7 (a1) to (f1) for F1 and Figure 8 (a1) to (g1) for F2. At first, we consider the spectrums obtained using port F1. At high equivalence ratios (Figure 7 (a1) and (b1)), a broadband of dominating frequencies is observed in the range of 15 Hz to 20 Hz. We can see the change in the dominant frequency when we consider the transition at È=È LBO ¼ 1.235 (comparing the Figure 7 (b1) and 7(c1)). Here, we can observe that the peak is shifted towards the low-frequency region at È=È LBO ¼ 1.235 (Figure 7(c1) ). Apart from this behavior at low-frequency range, there is no distinct peak having significant amplitude. We notice that near LBO regime, the dominant peaks appear in the spectrum. At È=È LBO ¼ 1.06, a dominating peak at 1.801 Hz is seen (Figure 7(d1) ). At È=È LBO ¼ 1.043 and 1.026, a single dominant peak is observed at 1.74 and 1.526 Hz (Figure 7(e1) and (f1) ), respectively. Therefore, prior to LBO, the flame exhibits very low-frequency oscillations associated with repeated occurrence of flame loss and re-ignition. Now, we consider the case for F2. At È=È LBO ¼ 1.487 and 1.288, frequency band is centered roughly in the range of 15 Hz to 25 Hz (Figure 8(a1) and (b1)). The change in the spectrum behavior is noticed at the transition point (Figure 8(c1) ). At È=È LBO ¼ 1.025, multiple peaks having almost same amplitude within the range of 1.404 Hz to 1.709 Hz are seen (Figure 8(e1) ). Close to LBO, again single dominating peak is seen (Figure 8(f1) and (g1) ). Note that we capture the heat release rate oscillations at È LBO for F2 before the flame eventually extinguishes. Heat release rate ( _ q) and their fluctuations about mean ( _ q 0 ) of the flame are similar for F1 and F2. Now, let us concentrate on the flames with lower premixedness.
Partially premixed flames.
The time series of heat release rate oscillations are further shown for partially premixed flame using port F5 as the fuel inlet ( Figure 9 ). Unlike the premixed flame (F1), at high equivalence ratio (È=È LBO ¼ 1.64), the heat release rate oscillation shows several spikes (Figure 9(a) ). When we reduce the equivalence ratio (È=È LBO ¼ 1.533), a change in signal characteristics is observed (Figure 9(b) ). The oscillation becomes aperiodic having no spiky behavior. Further reduction in fuel flow rate suppresses the heat release rate fluctuation (Figure 9(c) and (d) ). At low equivalence ratio (near LBO), we cannot see the oscillatory heat release rate like premixed case. Further, the amplitude spectrum of the heat release rate fluctuation is plotted in Figure 9 (a1) to (d1). At higher equivalence ratio (È=È LBO ¼ 1.64), the dominant frequency of heat release rate fluctuation is centered in the region of 0 to 10 Hz (Figure 9(a1) ). Multiple peaks of high amplitude are observed at that condition. At the transition point (È=È LBO ¼ 1.533), the dominant frequency shifts to higher frequency (8 to 15 Hz). A sharp peak is noticed at 8.606 Hz (Figure 9(b1) ). No significant peak is observed at lower equivalence ratios (Figure 9 (c1) and (d1)). Therefore, an opposite trend in the flame dynamics is captured also in the frequency domain. Figure 10 presents the variation in different statistical properties of heat release rate for different levels of mixedness. All statistical measures are presented after normalizing with the maximum value of those measures. In our discussion, the statistical measures are calculated based on the 20 s time series data of heat release rate.
Statistical analysis of time series
In case of F1, mean value of global heat release rate ( _ q) decreases as the flame approaches towards LBO. For the port F2, however, a transition in mean value is clearly visible at È=È LBO ¼ 1.235 as we reduce the equivalence rate. At that point, _ q falls rapidly as can be seen in Figure 10(a) (for F2) . It indicates that the reaction rate of combustion drops rapidly at that condition. On the other hand, for F3, F4, and F5, the mean values show a continuous drop as the flame approaches LBO after a slight increase in _ q at È=È LBO ¼ 1.25, 1.375, and 1.533, respectively. Therefore, we note that such a drop in mean value of the heat release rate is consistent for both premixed and partially premixed flames. At stoichiometric condition (away from LBO), the chemical reaction rate of combustion is very high. Therefore, production rate of CH*, which is one of the primary species signifying the heat release rate of combustion, is also high. As we approach LBO, due to alternative occurrence of extinction and re-ignition, the overall CH* intensity decreases. This corroborates our observation of reduction in _ q. RMS values of the heat release rate ( _ q RMS ) is high at the higher equivalence ratio due to the high-amplitude aperiodic oscillations (Figures 7(a) and (b) and 8(a) and (b) for F1 and F2, respectively) and spikes (Figure 9(a) for F5). RMS value starts dropping continuously towards LBO as amplitude of the oscillations is gradually reduced (Figure 10(b) ). However, for F1 to F3, _ q RMS increases slightly near LBO due to the presence of oscillatory events, indicating the extinction and re-ignition cycles. The increase in RMS value is slight for F2 and F3 compared to F1 as the frequency of extinction and re-ignition cycle is low. For F4 and F5, value of RMS also decreases towards the blowout. As _ q RMS can capture the overall reduction in amplitude of heat release rate oscillation, _ q RMS can be used for the early detection of the blowout phenomenon for both premixed and partially premixed flames.
Kurtosis ðÞ is calculated using fourth and second moments of the heat release rate which has been shown in the section 3. In case of F1, kurtosis of heat release rate is almost constant for a long range of equivalence ratio (È=È LBO ¼ 1.58 to 1.148, Figure 10 (c)) while close to LBO, it approaches higher value. Similarly, the sudden increase in kurtosis ðÞ at È=È LBO ¼ 1.0 is seen in case of F2 and F3. Such an increase is mainly due to the occurrence of highamplitude spikes with low frequency in the heat release rate oscillation (Figures 7(d) to (f) and 8(e) to (g)), which correspond to the extinction and re-ignition events in the lifted mode. Therefore, appears to be an indicator for the occurrence of LBO; however, it may not be very useful for early prediction as it approaches high value just before LBO and not in advance. Kurtosis shows a significant change only in the presence of infrequent deviations in the time series. Therefore, the measure is very sensitive to the low-frequency spiky behavior due to extinction (values near zero) and re-ignition (sharp deviation) phenomena. On the other hand, kurtosis does not show any variation for F4 and F5 (Figure 10(c) ), as there are no such low-frequency spiky behavior near LBO. Therefore, this statistical tool is not useful for the identification of LBO for a partially premixed flame. We do not present the variation in excess of kurtosis (EOK) separately as the nature of variation is alike with Kurtosis (equation 3(j)).
We further check the efficacy of NRMS _ q NRMS ð Þfor the prediction of LBO (Figure 10(d) ). A higher value of _ q NRMS indicates a high level of dispersion around the mean. The measure becomes useful when both mean and RMS are changing. It essentially captures the variation of RMS over the mean. We find that _ q NRMS increases sharply with the reduction in equivalence ratio for F1 and F2. For F3, although there is a sharp change in _ q NRMS prior to LBO, it varies slightly towards blowout. In case of F4 and F5, the variation of _ q NRMS is even less. At È=È LBO ¼ 1.64, a large value of _ q NRMS for F5 is due to the decrease in the mean value (Figure 10(a) ). As prior to LBO, the oscillatory flame (sudden increase in RMS value) shows similar characteristics for F1 to F3, a sharp change is seen in that range of equivalence ratios for three cases. Considering the overall trend of _ q NRMS (Figure 10(d) ), this statistical measure may be useful for the detection of LBO in case of premixed flames. But, as the premixedness decreases for partially premixed flames, it may not be useful for the detection of LBO as there is a slight variation in _ q NRMS . At high levels of premixing, the increase in RMS value is caused by the sudden spikes in heat release due to extinction and re-ignition. However, for F4 and F5, lift-off and extinction and re-ignition events are absent near LBO. This explains the low variation of _ q NRMS for these cases.
In probability theory, probability density function (PDF) is used to specify the probability of continuous random variable (in our case, _ q) falling within a range (for example, A). 48 This probability is determined by the area under the density function, f _ q ð Þd _ q as
The probability function is non negative and its integral over the entire space is one, i.e.
In Figure 11 , we make a comparison between the PDFs obtained from time series of heat release rate at different equivalence ratios for both premixed (F1) and partially premixed (F4 and F5) flames. The PDF is based on the histogram which has column width of 0.02 V for each case. Normalizing the histogram by dividing with the number of samples gives PDF. 49 We plot the distribution from the raw data of heat release rate ( _ q), whereas the time series plots (Figures 7, 8, and 9) show the mean subtracted values of heat release rate ( _ q 0 ). For all the ports considered, peak of PDF shifts to lower values of heat release rate as the equivalence ratio approaches to LBO which is same as the mean of heat release rate decreasing with the reduction in fuel flow rate as discussed previously (Figure 10(a) ). In case of F1, we observe that at higher equivalence ratio, the PDF looks symmetric about mean and the significant drop in mean value at the transition point (Figure 10(a) , for the case of port F1) essentially shows up as a shift in peak of PDF towards lower value heat release rate ( Figure 11(a) ). But there is an inconsistency in the behavior of PDF at the transition point in case of F4 and F5 (Figure 11(b) and (c) ). Instead of moving towards lower value, the peak shifts to the higher value which is observed as an increase in the mean value (Figure 10(a), F4 and F5 cases) . However, near LBO, peak of the PDF shifts towards the lower value with the reduction in fuel flow rate for all cases.
There are two common types of distributions, namely, Rayleigh and normal distributions, observed to be followed by the experimental data.
While normal distribution is determined by the mean and the standard deviation of a random process, Rayleigh distribution is based on only standard deviation of the random process. 50 For premixed flames (F1), near LBO, the probability distribution of heat release rate can be described by Rayleigh distribution (Figure 12(c) ) and at the stable condition, it can be well presented by normal distribution (Figure 12(a) ) as also reported by previous study. 33 We notice this change from normal to Rayleigh distribution at the transition point (È=È LBO ¼ 1.235) for F1 when the system approaches towards the LBO (Figure 12(b) ). The type of PDF distribution in case of F5 is not similar with F1. On the other hand, for the case of partially premixed flame, PDF of heat release rate cannot be well described by normal distribution at high equivalence ratio (Figure 12(d) ). However, normal distribution describes the experimental PDF at the transition point (Figure 12(e) ). Further, prior to LBO, the experimental PDF does not match with the Rayleigh distribution (Figure 12(f) ). So, Rayleigh distribution is not suitable to define a PDF of lower heat release rate in case of lower premixed flames. Thus, application of this distribution is limited mainly in the higher premixed flames. On the other hand, normal distribution identifies only the transitional behavior of heat release rate in case of F5.
We further check the symmetry in distribution of heat release rate fluctuations by estimating skewness (). We notice that for F1, skewness approaches high value near LBO and the change in skewness is more pronounced close to LBO (Figure 13 ). This indicates that the distribution of heat release rate becomes gradually asymmetric as the system is close to LBO. Such an asymmetry in PDF makes the experimental distribution suitably represented by Rayleigh distribution (Figure 12(c) ). For the higher equivalence ratio, skewness becomes very low for which the experimental PDF is almost similar to the normal distribution. Skewness results obtained from ports F2 and F3 are quite similar with F1. On the other hand, for the flame obtained using lower premixing (F5), skewness does not show any significant change throughout the range of equivalence ratios considered except at È=È LBO ¼ 1.64 where skewness approaches a high value. This corroborates the earlier observation of asymmetric PDF at È=È LBO ¼ 1.64 (Figure 12(d) ). In short, skewness that mainly measures the asymmetry of probability distribution does not alert us before the occurrence of LBO and therefore is not useful for the early detection of LBO in case of premixed as well as partially premixed flames.
In summary, we noticed that most of the statistical measures and the techniques including flame visualization are not robust enough to predict the occurrence of LBO for both premixed and partially premixed flame. In such a situation, we compute average frequency by using HT of heat release rate signal. Although the HTbased method is restrictive in terms of the requirement of the narrow-band signal as compared to other approximate methods based on short-time Fourier transform and wavelet transform, we proceed with this because of two specific advantages associated with it. First, for a given signal, the instantaneous quantities are always same, i.e. independent of user input, which is very critical from a control point of view. Second, HT is computationally inexpensive compared to other two methods. Moreover, use of wavelet transforms depends on choice of an appropriate mother wavelet, which requires a prior knowledge of the signal form.
In Figure 14 , _ q t ð Þ and H _ q t ð Þ ð Þ(HT of _ q t ð Þ) are plotted together in the time domain 0 t 5 s for F1, F2, and F5, respectively. We find that close to the large spikes in the signal of CH* intensity, H _ q t ð Þ ð Þ seems to behave in proportion to t À1 which is seen prior to LBO in case of F1 and F2 (Figure 14 (a) and (b)). 51 This might be due to the fact that the large spikes in _ q t ð Þ resemble the Dirac delta function. Therefore, if we approximately represent the spikes as
where, as n ! 1, f n t ð Þ ! ðtÞ, we get 51 H ðtÞ ð Þ ¼ 1 t and therefore,
Such type of behavior is not observed in the near LBO signal for partially premixed flame (F5), as shown in Figure 14 (c). Figure 14 (d) to (f) shows the difference in the behavior of original and Hilbert-transformed signals between F1, F2, and F5 at near stoichiometric condition. In such cases, _ q t ð Þ is followed by H _ q t ð Þ ð Þ with a time delay (equation (5)). Next, we compute mean frequency following the analytic signal approach described in section 3. We consider the time series of 20 s to evaluate the mean frequency at each condition of fuel-air mixture. Table 3 shows the maximum value of the mean frequency for each case. The variation in mean frequency is plotted as the system approaches LBO for different level of mixedness ( Figure 15 ). It is evident that the mean frequency shows a reduction as the system approaches LBO for both premixed and partially premixed flames. Here, the mean frequency is normalized with the maximum value of mean frequency. In case of F5, decrease in mean frequency is not as sharp as other fours cases. However, the mean frequency shows a drop as the air-fuel becomes gradually lean. HT-based mean frequency captures the fact that near LBO, a lowfrequency fluctuation dominates, which may not be captured through the simple statistical measures such as mean and RMS.
Apart from that, if we consider the variation of the mean frequency with normalized equivalence ratio, we can see the early indication of LBO for F1 and F2 at È=È LBO ¼ 1.235 which is the transition point. Also, in case of F3, we get the alarm of LBO at around È=È LBO ¼ 1. 30. A quite early indication of approaching LBO is seen in case of F4 at the range of The variation in mean frequency observed ( Figure 15 ) might be partly attributed to the inaccuracy involved in finding instantaneous phase of broadband signal through HT. This variation is brought about by a change in equivalence ratio. Therefore, the change in the nature of heat release rate oscillations from broadband to narrow band as the system transitions to LBO is well captured through HT-based mean frequency.
Our analysis for the early detection of LBO as well as the identification of the flame dynamics at different It is also useful for the early detection of LBO
Normalized kurtosis
It only tells about the occurrence of blowout. It fails to detect LBO at early stage.
There is no significant variation so that we can predict or detect the LBO.
Normalized RMS It increases towards the LBO. Inconsistency of the trend fails to forecast the occurrence of LBO. RMS/(RMS) max It can be applied for the prediction of LBO. Decreasing nature helps to predict blowout. Skewness It identifies LBO and not suitable for early prediction.
It is not suitable for detection as well as identification of LBO. Probability density function Gradual shifting of the peak towards the lower value alerts us for the instability.
After the transitional behavior of the flame, consistent shifting of peak towards the LBO also helpful for the LBO prediction. Normalized mean frequency It is helpful for the prediction blowout. It decreases towards LBO which is useful in early prediction of LBO.
LBO: lean blowout; RMS: root mean square. Figure 15 . The variation in normalized mean frequency is shown for all five ports considered as the system approaches to LBO. LBO: lean blowout.
operating conditions shows the suitability of different measures in real application. Table 4 summarizes the applicability of all the parameters for detection and early prediction of LBO.
Conclusion
We experimentally investigate the flame behavior and the dynamics in heat release rate fluctuations during the transition to LBO. In the present study, we use both high-speed camera and PMT to acquire the flame dynamics and heat release rate fluctuations, respectively, at different operating conditions. A gradual change in the flame behavior is captured through flame images as the system transitions towards LBO. However, we find a difference in flame behavior for premixed and partially premixed flames. Further, we analyze the dynamics of heat release rate oscillations prior to LBO. To that end, different statistical measures are computed to understand the capability of these measures in identification of LBO in both premixed and partially premixed flames. Using the mean value of heat release rate, we can indicate the transitional behavior of the flame, whereas the NRMS value of heat release rate fluctuations does not provide any clear indication to LBO for partially premixed flame. For both premixed and partially premixed flames, the distribution (PDF) of heat release rate oscillations can be represented by normal distribution. Rayleigh distribution is not suitable to describe the heat release rate distribution in case of partially premixed flame. The measure (mean frequency) based on HT essentially captures the emergence of the low-frequency periodicity from a broadband aperiodic signal. We hope, it will work for other set of combustors, where there is a development of low-frequency periodic component near LBO. 20, 22, 35 However, this measure may not be helpful where a different route to LBO is discerned.
